Purpose The purpose of this study was to investigate the in vivo elution kinetics of gentamicin from bone cement by assessing antibiotic levels in the urine. Methods Urinary samples of 35 patients who had undergone primary total hip arthroplasty were collected post-operatively. Gentamicin concentrations were analysed using the fluorescence polarisation immunoassay technique. Results The mean duration of urinary gentamicin release in all cases was 43 days (range 13-95). There was still detectable gentamicin at the final collection in 20 % (7/35) of cases, and in these cases, the mean gentamicin release was 71 days. Conclusions From the assessment of urinary gentamicin, we were able to demonstrate the biphasic gentamicin elution from bone cement. In addition, there were detectable concentrations of the antibiotic from the urinary samples for prolonged periods of up to two to six months. Our study indicates that the assessment of urinary antibiotics can offer a non-invasive method of monitoring the in vivo release kinetics of antibiotics from bone cement.
Introduction
Prosthetic joint infection (PJI) remains one of the most feared complications of joint arthroplasty. The incidence of orthopaedic periprosthetic infection is estimated to be approximately 1.5-2.5 % in primary hip and knee replacement and 3.2-5.6 % in the revision cases [20] .
Biofilm formation is central to the development of PJI and occurs during the first 24 hours after implantation [9] . Once established bacterial biofilms are very hard to treat and often require removal of the implants. The goal in prosthetic joint surgery is therefore to prevent biofilm formation in these early stages-the so-called race for the surface [14] .
Numerous techniques have proven efficacy in reducing the PJI rate. These include the clothing and practice of theatre personnel, skin disinfection, wound lavage, theatre air decontamination and antibiotic prophylaxis. The latter is administered by both systemic and local routes.
Systemic antibiotic prophylaxis has been shown to reduce PJI in numerous studies and most successful if administered one hour before surgery. Carlsson et al. [6] reported upon the seven year data of a double-blind study originally started by Ericson et al. [12] . They showed an infection rate of 2 % in the antibiotic group and of 15.4 % in the control group. Long-term protection was afforded by perioperative antibiotics suggesting that implantation at the time of surgery is the most common cause of infection. Late haematogenous seeding accounted for only 0.8 % of cases.
Although serum and bone concentrations above the minimum inhibitory concentration (MIC) for planktonic susceptible bacteria are achieved with cephalosporins this may not be sufficient to eradicate the biofilm sessile bacteria that are the problem in PJI [22] . There is therefore a need for high-dose antibiotic delivery to the host-implant interface where the biofilm forms and this can be achieved with the use of antibiotic-loaded acrylic cement (ALAC).
In 1970 Buchholz and Engelbrecht at the Endoklinik incorporated gentamicin in polymethyl methacrylate (PMMA) for the treatment of PJI [5] . It remains standard practice to date to use ALAC as part of the antimicrobial prophylaxis in primary total joint arthroplasty and its efficacy as a prophylactic agent has been described. Antibiotic-loaded cement can also be used in revision arthroplasties involving implant retention treatment, as well as two-stage procedures [8] . Comparing plain against gentamicin-loaded Palacos cement in total hip arthroplasty (THA), Buchholz et al. [4] reported an infection rate of 4.85 % for the plain and only 1.63 % for the ALAC at three years. Similarly, Josefsson and Kolmert also reported sixand fourfold reductions respectively in infection rates with the use of prophylactic ALAC [16] .
Antibiotic elution from acrylic bone cement has been described in three types of study-in vitro, animal and human studies, the majority being in vitro studies. The elution as described by these studies follows a biphasic pattern with early high release followed by long-term lowlevel release. In addition, the majority of the antibiotics remained as a reservoir within the cement.
The simple agar plate technique was the standard method used to assay antibiotic elution up to the end of the 1980s [3] . During the 1990s quantitative methods were added including dilutional bioassays. These represented an improvement with respect to the simple agar plate technique as they provided an approximate concentration of the eluted antibiotic [17] . Newer available techniques such as fluorescence polarisation immunoassay (FPIA) and high-performance liquid chromatography (HPLC) are far more sensitive and can accurately quantify the concentration of antibiotic released as the experiment progresses [18, 26] .
Gentamicin was the antibiotic chosen by Buchholz and Engelbrecht in 1970 to add to Palacos cement [4] . It has proven to be a very successful combination [19] . Gentamicin is an ideal antibiotic for inclusion in PMMA as it possesses the following characteristics: broad antibacterial spectrum (Grampositives and Gram-negatives), bactericidal action, high specific antibacterial potency, low rate of primary resistance, minimal resistance development, low protein binding, low sensitisation potential, high water solubility, chemical and thermal stability [24] .
There is a paucity of human studies describing the release of gentamicin after primary THA compared to animal and laboratory studies. In addition the literature is predominately old (1980s) and uses outdated and insensitive assay techniques. A limitation of early studies is the requirement of invasive joint fluid aspiration, some of which have been reported to be up to 5.5 years [24] .
More recently, Fink et al. [13] assayed antibiotic elution from 14 antibiotic-loaded cement spacers removed six weeks following their implantation in twostage revision for prosthetic hip joint infections. Gentamicin, clindamycin and vancomycin concentrations were determined using HPLC coupled to tandem mass spectroscopy. Similarly, Anagnostakos et al. [1] studied the antibiotic elution from 17 hip spacer patients undergoing revision surgery for PJI. Daily elution samples were obtained from fluid in Redon drains which were inserted at the time of surgery and left in situ for seven and 13 days for the spacers and the beads respectively. The antibiotic concentrations were determined using FPIA.
A non-invasive technique that can monitor gentamicin release from the ALAC with modern assay techniques would be ideal. Gentamicin is highly watersoluble and shows both thermal and chemical stability. Although both nephro-and ototoxicity are recognised as risks of parenteral administration these have not been demonstrated when incorporated in bone cement [25] . This is because aminoglycosides are not metabolised systemically and serum concentrations remain very low after release from the cement [24] . Hence a urinary assay would be a useful direction for investigation. The aim of this study was to investigate the in vivo elution kinetics of gentamicin-loaded bone cement in THA patients.
Materials and methods

Patient recruitment
Patients were recruited from the pre-operative assessment clinic of the Avon Orthopaedic Centre. Ethical approval had been granted for this clinical study and informed written consent was given in each case. Patients undergoing primary THA using cemented implants were recruited and informed consent for prospective follow-up was taken. The cement used was Palacos® R-40 with Gentamicin Cement (Schering-Plough, UK) and this is the standard cement for this orthopaedic unit. In no cases was the surgeon's choice of implant or cement altered because of the study.
Exclusion criteria
Patients were excluded if they were concurrently receiving gentamicin or suffered from renal failure as based on a history or review of the hospital records. If a patient received a single intramuscular gentamicin injection postoperatively to cover the insertion or removal of a urinary catheter then the results from the urinary samples were disregarded for three days. This decision was based upon advice from the Microbiology Department and required the patient to have renal function within normal physiological limits during this period. If the renal function was abnormal the case was excluded from the trial.
Urinary sampling
Gentamicin sulphate is rapidly and completely excreted by the renal system. It does not undergo metabolism within the body and hence the urinary levels are a true reflection of the release from the cement at any given time.
Post-operatively 2-ml urine samples were collected every two days until discharge from hospital. Domiciliary samples were then collected at two, three, four, six and 12 weeks. In selected early cases a final sample was collected at the six month stage.
All samples were frozen at −70°C and then tested in batches. The gentamicin concentration was tested using an FPIA technique in the Abbott TDx system (Abbott Laboratories, Chicago, IL, USA). The sensitivity of this assay for gentamicin is 0.06 mg/L.
Data were analysed using SPSS v11 statistical software (SPSS Inc., Chicago, IL, USA). Data were tabulated and simple descriptive statistical analysis performed. An in vivo 
Results
Patient recruitment and clinical details
There were 38 patients who gave post-operative urine samples to this study. Of these, 35 (92 %) patients were followed up for 12 or more weeks and their data are presented in Table 1 . Two brands of cement were used: Palacos® R-40 with Gentamicin Cement (Schering-Plough Europe, Brussels, Belgium) in 32 cases (91 %) and Refobacin®-Palacos® Cement (Biomet Merck, Merck Biomaterials GmbH, Darmstadt, Germany) in the remaining three (9 %). These cements employ the same PMMA base but the gentamicin (0.5 g) originates from different factories; the quantity of gentamicin was the same for both cements (0.5 g per 40 g pack).
The THAs were fully cemented (both the cup and stem components being implanted with cement) in 19 (54 %) of the cases. The remaining 16 cases (46 %) were hybrid arthroplasties, where only the stem was implanted with cement. Each hybrid case used two '40 g' mixes of cement compared to the three for each fully cemented arthroplasty.
The mean duration of detectable gentamicin release was 47 days for the fully cemented arthroplasties compared with 39 days for the hybrid cases. This difference was not significant (p=0.15 paired t test).
Intramuscular gentamicin
Sixteen (46 %) of the patients had an intramuscular injection of gentamicin in the immediate post-operative period to cover the removal of a urinary catheter. As the protocol devised by the microbiologists excluded results from the following three days it was decided to compare only the data values from one week post-operatively. This also conformed to the aim of this experiment to study the medium-to long-term release of gentamicin from cemented THAs. In addition, many studies have described the early in vivo release profiles [24] .
In vivo gentamicin release profile
The concentration of gentamicin in the urine samples was measured until the sensitivity of the assay was exceeded. As the samples were collected at regular intervals the data were then grouped according to the time post surgery when urinary gentamicin was last detected. The mean duration of urinary gentamicin release was 43 days with a range of 13-95 days. The duration of the in vivo elution is illustrated in Fig. 1 .
A typical elution curve from the data is presented in Fig. 2 and it can be seen that the concentrations rapidly reach an asymptotic phase.
Of the 35 cases studied, seven (20 %) still had detectable gentamicin concentrations at their final collection. The mean duration of gentamicin release in these seven cases was 71 days with a range of 31-88 days.
Discussion
A urinary gentamicin assay is an effective and non-invasive means of monitoring the release of gentamicin from ALAC in primary THA. It reveals the recognised biphasic release profile.
There is a paucity of in vivo elution studies, but the consensus is that after primary hip arthroplasty gentamicin is detectable within the urine for approximately two weeks [7, 24] . This is due to two main reasons: firstly, it would be unfeasible to subject patients to multiple arthrocenteses for prolonged periods of time and secondly, older analytic techniques had relatively lower sensitivity.
The average (mode) release period in our group of 35 patients was six weeks and the longest was 14 weeks (95 days). The in vivo elution curve matches those described in other studies, with high initial release followed by a rapid drop and asymptotic phase [2, 21] . This study demonstrates that the use of a sensitive immunoassay will detect gentamicin release for significantly longer.
It is significant that gentamicin can be measured for an average of 71 days after primary THA. Indeed in 20 % of cases gentamicin was still recordable at the last sampling. This is therefore clear evidence of prolonged elution of gentamicin from the cement in primary THA.
Although the urinary gentamicin concentration does not represent the level present adjacent to the prostheses, it does give a useful guide to release rate. However, it should be noted that even intra-articular measurements do not reflect the gap concentration at the bone-cement interface [15] . The corollary of this is that the urinary detected gentamicin suggests that the significantly higher interface concentrations are being achieved in vivo.
This will ensure that the biomaterials are protected against the development of a bacterial biofilm for at least six weeks. This ensures that the race for the surface is not a sprint but instead a long-distance event. Importantly the implants will be protected for the period during which the principle soft tissue healing occurs This supports the registry observations that ALAC is an independent factor that reduces the risk of revision [10, 23] and the clinical studies that have shown prolonged statistically significant protection against PJI [16] .
One concern is the prolonged low-level release which has the theoretical potential to promote resistance in any bacteria present at the host-implant interface. Although ALAC is proven to reduce the rate of PJI, those infections that do occur are likely to demonstrate higher antimicrobial resistance [11] .
The major weakness of this study is that the urinary gentamicin estimations were made on discrete urinary samples rather than on pooled daily outputs. Therefore although the data do represent absolute gentamicin concentrations, without urinary output volumes these are difficult to convert to true elution data (total amount of gentamicin released against time). The decision to use discrete urine samples was made pragmatically and reflected the difficulties of collecting 24 hour urine samples in this elderly population. We have therefore made an assumption that over the prolonged period of sampling there would be relatively constant daily urinary output, hence minimising day-to-day variations in gentamicin release. However, as the total weight of cement used in each patient was not recorded, it would have been difficult to relate total gentamicin urinary excretion to the amount implanted and one of the strengths of this study lies in proof of concept that urinary excretion can be used to evaluate gentamicin release from implanted cement.
In summary, the use of this novel analysis technique reveals more prolonged release of gentamicin from ALAC in patients undergoing primary THA. This may in part explain the favourable registry figures from the use of ALAC in THA.
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